The world's demand for energy is accelerating, while its hydrocarbon reserves are diminishing. Producers are compelled to explore and produce oil and gas in more challenging environments and to maximize recovery in existing reservoirs. New technology has always been a key to success. One such new technology is seismic acquisition using ocean bottom station (OBS) nodes (Berg et al., 1994; Ronen et al., 2003; Amal et al., 2005; Docherty et al., 2005; Granger et al., 2005) .
The world's demand for energy is accelerating, while its hydrocarbon reserves are diminishing. Producers are compelled to explore and produce oil and gas in more challenging environments and to maximize recovery in existing reservoirs. New technology has always been a key to success. One such new technology is seismic acquisition using ocean bottom station (OBS) nodes (Berg et al., 1994; Ronen et al., 2003; Amal et al., 2005; Docherty et al., 2005; Granger et al., 2005) .
Surface-towed streamers provide excellent seismic data for exploration, development, and production monitoring. However, streamers have limitations and this motivates a quest for alternative technologies. When using streamers, obstacles such as production platforms require undershooting and the data lack near offsets and have anomalous azimuth distributions. OBS nodes are much less sensitive to obstacles and allow more complete coverage. When deployed by a remotely-operated vehicle (ROV), they can be placed very accurately, right up to, or even under, production installations.
Obstacles are not the only motivation for OBS technology. Even in the absence of obstacles, OBS nodes facilitate wide-azimuth geometries, important for imaging structures under complex overburdens such as salt environments. In particular, by moving the receivers to the seabed and recording a dense shooting grid on the sea surface, we can create a dataset that is suitable for wave-equation migration, is well-populated in azimuth and offset, and provides optimal subsurface illumination; conventional towed-streamer acquisition cannot provide this type of dataset because of the constraints imposed by the fixed source-receiver geometry. Indeed, while the wide azimuth towed streamer (WATS) method is becoming popular, and can also provide data suitable for wave-equation migration (Threadgold et al., 2006) , it requires separate source vessels as well as repeated shot lines with different streamer locations. Such effort comes at a cost and, for small areas (up to about 400 km 2 ), OBS technology can be less expensive than WATS. Similarly, monitoring with time-lapse seismic surveys (4D) requires acquisition repeatability; OBS nodes deployed by ROVs provide better repeatability than streamers, which are subject to feathering due to currents. Indeed, although the limitations of streamers are reduced with streamer-steering, streamer-steering can only have a small effect of just a few degrees, while feathering is sometimes 10 0 or more. Eiken et al. (2003) report a natural streamer feathering within +/-6 o for 95% of Norwegian Sea operations, and a streamer steering capability of +/-3 o that is not sufficient to achieve a zero-feather survey in a cost effective manner. Streamer steering also introduces noise that can be difficult to remove. Finally, nodes deployed on the seabed record not only P-waves but also S-waves; these are a useful complement to P-waves but do not travel in water, and therefore cannot be recorded by surface-towed streamers. OBS nodes can provide four-component (4C) seismic data from a hydrophone and a three-component geophone, thereby enabling elastic-wave analysis, as well as wavefield separation and multiple removal. Applications of elastic-wave analysis include imaging beneath gas clouds and imaging low P-impedance reservoirs and fracture characterization.
One alternative to OBS nodes is use of ocean bottom cables (OBC), where sensors are embedded in cables rather than nodes. OBC operations have lower cost than OBS in shallow water, but are more limited by depth and obstacles such as pipelines and seabed installations. Also, cables have an inherent in-line and cross-line asymmetry which may compromise vector fidelity.
Although shear-waves are a significant motivation for recording four-component data on the seabed, the focus of this paper is P-wave imaging of OBS data with sparse receiver sampling. Deploying OBS nodes takes considerable time and ROV boats have a considerable cost. Therefore, a prac- tical and relatively economical geometry for OBS is a sparse grid of nodes and a dense grid of shots. However, the sparsenode geometry provides poor illumination, especially for reflectors that are shallower beneath the seabed than the node interval ( Figure 1) ; this is exacerbated if any of the OBS nodes fail.
Fortunately, there is a good solution for this problem: data from the hydrophones and geophones can be separated into up-going and down-going waves (White, 1965; Barr and Sanders, 1989) . Although only up-going primary reflections are normally imaged, down-going receiver ghosts bounce from the same reflectors as the primary waves. In fact, the sea surface acts as a mirror reflecting the image of subsurface structure ( Figure 2 ) and receiver ghosts can be used for 'mirror imaging'. Previous authors have successfully imaged ghosts recorded in various contexts: by ocean bottom hydrophones (Godfrey et al., 1998) , VSP (Jiang et al., 2005) and OBS nodes (Ronen et al., 2005) . Pica et al. (2006) also applied mirror imaging as part of an OBS modelling-based demultiple scheme. We expect mirror imaging will soon become a standard processing procedure for OBS and OBC data.
In this paper we present the mirror-imaging method and compare conventional and mirror-imaging results from OBS data recorded in the North Sea, the Norwegian Sea, and offshore West Africa. We then discuss the reasons why mirror images are superior to conventional images obtained from primaries.
Outline of the method
The wavefield recorded by hydrophones, P, and vertical component geophones, Z, can be decomposed into up-going and down-going components: U and D. While pressure is continuous across the sea-bottom interface, its up-going and down-going parts in general are not and a distinction should be made between wavefield decomposition just above or just below the seabed. After proper scaling and wavelet processing, pressure decomposition just above the seabed is given by (1) Despite the generality of the method, for simplicity the previous equations assume vertical propagation and that the vertical particle velocity recording is scaled by the water impedance. It is also assumed that the vertical component polarity is such that up-going waves have the same polarity on P and Z. Similarly, U and D waves just below the seabed are 
Figure 4 Illumination of the up-going wave (a) is narrower than that of the down-going waves (b). In particular, the seabed cannot be imaged with the up-going waves but it can be imaged with the down-going waves (c). Another factor contributing to an improved image from the ghosts is velocity anomalies and scattering just under the seabed. The receiver in (b) is in effect further away from the seabed anomalies than the receiver in (a). A third factor is that the ghosts (b) are travelling in effect closer to vertical than the primaries (a)
where K =(1+R)/(1-R) and R is the sea-bottom reflection coefficient. It is common practice to image U -, after further processing to attenuate source-side peg-leg multiples which are up-going just below the sea-bottom. U -is preferred over U + since water layer reverberations are both up-going and down-going just above the sea-bottom.
Imaging U -is common practice but is not the best option for a sparse receiver geometry. With mirror imaging we image the down-going receiver ghost in D + as if it were recorded not on the seabed but at a sea surface twice as high. The source is kept at the original level (Figure 3) . The down-going receiver ghosts in D + consist of up-going primaries that reverberate once in the water layer. These are in general more informative than the up-going primaries in U -because they offer extended illumination of subsurface reflectors (Figure 4 ).
Field data examples
We illustrate the advantages of mirror imaging using three examples, one each from the North Sea, the Norwegian Sea and the West African Ocean. These three OBS datasets have comparable receiver spacing but different water depth. The advantages of mirror imaging are evident in all cases but, as expected, are more dramatic for the deep water examples. Pica et al. (2006) demonstrated that with mirror imaging the extent of the illuminated area depends on the source patch extent only and is independent of the sea floor depth. However migration angle limitations have more impact on the shallow water example. Kirchhoff pre-stack depth migration was used for the first and second examples and Kirchhoff pre-stack time migration for the final, West African, example.
The first dataset was recorded in the North Sea offshore Scotland, over the Britannia field ( Figure 5 ). We imaged data from nine OBS deployed at an interval of about 500 m and at a depth of about 150 m. For the purpose of this paper we used only the one shot line which was approximately above 
Figure 6 Conventional imaging of the up-going waves (left). Note the poor imaging of shallow reflectors. The OBS data were acquired over the Britannia field with 500 m intervals. The location of the nodes is shown in black. The mirror image (right) shows improvement especially in the shallow part. The sparse OBS receiver interval is typical of a cross line OBC interval in 3D. Similar improvements are expected when imaging 3D OBC data in the cross-line direction. We expect greater improvement in deeper water.
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the OBS. The conventional image produced from the primaries and the image produced from the ghosts are shown in Figure 6 . As a second example, we applied mirror imaging to OBS data recorded offshore Norway on the headwall of the Storegga Slide ( Figure 5 ). Storegga, which means 'great edge' in Norwegian, is the largest known submarine slide. It is located 100 km offshore Norway above the giant Ormen Lange gas field. About 8100 years ago, an area of continental shelf about the size of Ireland collapsed in a series of retrogressive events creating a series of large tsunamis in the North Atlantic. Sediments in this region contain gas hydrates, an ice-like substance composed of methane trapped within a lattice of water molecules. They are stable in cold deep water environments where conditions are favorable. At a certain depth under the seabed, primarily due to the increased geothermal temperature, the hydrates change from a solid ice phase to a liquid gas phase. A bottom simulating reflector (BSR) caused by the resulting velocity contrast marks the boundary between the two phases. Methane hydrates are important for predicting seabed stability and may also become a huge hydrocarbon reserve if and when production technology is developed.
To study methane hydrates and other features of Storegga, the OBS data object of this study provides wide azimuth P and S data on the steepest part of the northern headwall. The survey targets are shallow sediments containing gas hydrates. These were successfully imaged using down-going waves, demonstrating how a target less than 300 m under the seabed can be imaged with OBS deployed 400 m apart, even in the presence of node failure (Figure 7) .
The third dataset was recorded over the Girassol field operated by Total Angola, offshore West Africa. ROV facilities were used to lay out five nodes 400 m apart in a straight line at a depth of about 1300 m. A seismic source boat made a series of passes above the nodes to acquire a patch of 21 shooting lines in a 2 x 6 km rectangle. A flip-flop shooting technique produced a full grid with a 50 m x 37.5 m shot interval (Figure 8 ). The reason for this trial was to benchmark the recorded data with a view to infilling a streamer acquisition obstructed by a deep water FPSO installation. Mirror imaging is successful (Figure 9 and Figure 10 ) and provides a seafloor reflectivity model. This model is useful for attenuating surface related multiples using the SRME model-based method (Pica et al., 2006) .
Discussion
We find that the image from the ghosts is better than the image from the primaries (Figure 6, Figure 7 , Figure 9 and Figure 10 ). The main reason is that the illumination is wider, especially for shallow targets. In addition, the ghosts are less susceptible to velocity variations just under the seabed, which cause scattering, amplitude variations, and statics on OBS and OBC (Figure 3 ). This is because the ghosts travel through the water twice (up and down) after going through the seabed anomalies. The longer travel through the water is an advantage for the same reason that deep-water streamer data have less seabed-associated statics than seabed and shallow water streamer data. It should be noted that this longer traveltime is potentially an issue for 4D projects, since tidal and seasonal changes in water properties have more impact than when imaging primaries. Still, water layer velocity variations are routinely compensated for in conventional 4D processing using primaries, and the same techniques are applicable when imaging ghosts. Arguably, another reason for improved imaging with ghosts is that they travel closer to vertical than the primaries (Schuster 2005, pers. comm.) . However, while reduced propagation angles are desirable because of limitations in imaging algorithms, they also limit the efficacy of AVO inversion.
As noted above, mirror imaging usually provides improved illumination, especially for shallow targets. However illumination depends on the velocity model and is not a property of the acquisition geometry alone. It is therefore possible that, for a given velocity model, conventional imaging could provide better illumination than mirror imaging in some limited subsurface areas. The joint migration of primaries and their ghosts may provide improved results over mirror imaging alone. This migration would double the cost of mirror or conventional imaging as for each receiver at the sea bottom (Figure 4a ) there would also be a mirrored receiver (Figure 4b ).
It should also be noted that the wider illumination provided by mirror imaging comes at the expense of decreased illumination fold. For example, in Figure 4a and 4b the number of considered rays is the same, but in the mirror imaging case (Figure 4b ) they are distributed over a wider area. However, good data quality achievable with OBS acquisitions is expected to provide reliable images regardless of this fold decrease. The examples shown confirm this observation. 
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Finally, it is interesting to note that conventional up-going waves imaging has the advantage of being less sensitive to rough sea effects than mirror imaging. In rough sea conditions, the height of the water column is time and space variant and both source and the receiver ghosts are affected (Kragh and Laws, 2006) . Conventional imaging, while still influenced by the source-side ghost, is not affected by the receiver ghost. Nevertheless, wave height in normal seismic acquisitions operations is of the order of a few metres and this effect is normally considered negligible in marine seismic data processing.
Conclusions
Poor illumination and sensitivity to velocity anomalies are problems that negatively affect imaging of data from ocean bottom stations (OBS) and cables (OBC). Fortunately, there is an effective solution. We find that we can produce better images from the down-going ghost reflections than the conventional images produced from the up-going primary reflections. This is mainly because of improved illumination and reduced exposure to shallow inhomogeneous anomalies under the seabed.
